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SECTION I 
INTRODUCTION 


The objective of the Advanced Launch Systems (ALS) Advanced Development Oxi^zer 
Turbopump Program is to design, fabricate and demonstrate a low cost, highly reliable oxiizer 
turbopump for the Space Transportation Engine that minimizes the recurring cost for the ALS 
engines. This Technical Implementation Plan, submitted in response to Data Requirement 
DR-15 of Contract NAS8-37595, addresses Pratt & Whitney’s (P&W’s) plan for integrating the 
analyses, testing, fabrication, and other program efforts. This plan offers a comprehensive 
description of the total effort required to design, fabricate, and test the ALS oxidizer turbopump. 

The proposed ALS oxidizer turbopump will reduce turbopump costs over current designs by 
taking advantage of design simplicity and state-of-the-art materials and producibility features 
without compromising system reliability. This will be accomplished by selling turbopump 
operating conditions that are within known successful operating regions and by using proven 
manufacturing techniques. 


The program is divided into two phases; Phase 1 (basic effort) is 12 months, and Phase 11 
(priced option) is 28 months. 


During the basic effort, P&W will perform trade and engineering studies, conduct cost 
trades, evaluate fabrication concepts, establish a configuration, complete the preliminary design 
provide a Technology Implementation Plan for options that require further development, and 
provide a preliminary cost model. 


During the option program, P&W will establish a detail oxidizer turbopump design, provide 
manufacturing drawings, procure material and hardware, assemble and deliver a 
turbopump for evaluation testing at Stennis Space Center (SSC), support SSC testing, deliver 
detail cost model, and provide a turbopump test report and a final report. 


During the trade studies, engineering evaluation and design, tools that have been proven by 
substantiation in many Pratt & Whitney engine programs will be used to evaluate turbine 
aerodynamics, rotordynamics, structural dynamics, and pump hydrodynamics. 

This plan describes P&W’s design approach to developing low cost, highly reliable 
components, outlines the test and analysis plans, and identifies material and equipment 
requirements. Included are a baseline logic network and man-loading charts. 
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SECTION II 

SUMMARY OF DESIGN METHODOLOGY 


A. DESIGN APPROACH 

Pratt & Whitney (P&W) will use an iterative design process involving several disciplines to 
establish a reliable, low cost, effective turbopump design. This approach will provide an 
Advanced Launch System (ALS) oxidizer turbopump design that meets or exceeds requirements 
for reliability, durability, safety, cost of production, cost of ownership, performance, and 
supportability. 

Pratt & Whitney’s design process is summarized in Figure IM. As shown, the process is 
divided into five phases: 

• Concept Definition 

• Initial Verification 

• Product Design 

• Qualification/Demonstration 

• Operation. 


Pratt & Whitney’s mechanical design organization will design the hardware and will 
coordinate the activities of the specialized technology groups. This organization performs trade 
studies, develops the final configuration and specifies engineering requirements. The technology 
organizations develop and provide state-of-the-art technology in their areas of expertise, such as 
hydrodynamics, turbine aerodynamics, bearing technology, heat transfer and secondary flows, 
and materials. Cost and weight organizations also provide information to support trade studies; 
representatives from manufacturing operations provide technology for improving producibihty 
and inspectability. During the trade studies. Product Integrity evaluates design concepts for 
reliability, safety, and maintainability to ensure all design goals will be met. 


1, Design Approach to Low Cost and High Reliability 

As the focus of this program is to develop a low cost, reliable ALS oxidizer turbopump, 
P&W will evaluate conceptual designs and select an optimized design based on reliability and 
cost goals. Pratt & Whitney will then demonstrate the technology needed to develop engines for 
the ALS program. The design process to be followed is shown in Figures II-2 and II-3. 
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Figure II- 1. Overview of the Pratt & Whitney Design Process 










Pratt & Whitney 

FR-20865 



FDA 298225 


Figure II-2. Conceptual Design Review Procedure 
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Figure II-3. Layout Review Procedure 

Design concepts that P&W will consider include the following: 

• Cast inducer and impellers to eliminate the machining process currently 
required to manufacture forged impellers 
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• Turbine shaft and disk made separately and inertia welded or new net forged 
to reduce forging and machining costs; an integrally bladed disk is also a 
consideration 

• Axial flow inlets to provide better performance and durability by eliminating 
side loads associated with volute type inlets 

. Fine-grain, cast housing materials that provide physical properties near those 
of forgings, thereby eliminating complex welded assemblies and reducing 
machining requirements 

• Single disk with a common broach for both turbine stages for machining 
simplicity 

• Turbine blade castings common to 1st- and 2nd-stage blades for reduced cost 

. Stationary knife edge seals instead of rotating seals to increase durability 

. Stiff rotor shaft and support for rotordynamic stability enhancement. 


2. Basic Effort 

Basic effort tasks, when completed, will result in a single p^imin^ Lotion 

concept that has been optimized for low cost and high reliability. The turbopump 
will be established 8 months after contract award. The prelirmnaiy design will be compl 
4 months after the configuration is established. Work during this phase will include the 

following: 


• Trade Studies 

• Preliminary Design 

• Fabrication and Process Analysis 

• Laboratory Tests 

• Reliability and Hazard Analysis 

• Technology Development Program Plan 

• Preliminary Design Review 

• Preliminary Cost Model 

• Specifications and Plans 

• Program Management 

a. Trade Studies 

Trade studies, conducted by the various disciplines, will establish a preliminary design 
concept for approximately three separate turbopump configurations. 

These trade studies will include the following activities: 

• Systems performance groups will establish turbopump operating require- 
ments and will revise them as needed to account for changes in pump 
characteristics. 

. The compressor design group will provide pump design parameters and 
configurations for preliminary design evaluation. 

. The mechanical components and system design group will provide bearing 
and seal concepts for evaluation. 
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• The mechanical design group will provide design concepts, incorporating low- 
cost configurations and manufacturing concepts for basic turbopump configu- 
rations. 

. The structural design group will provide an evaluation of configurations for 
rotordynamic stability, turbine damping requirements and structural integri- 
ty. 

. The cost group will provide cost trade information for evaluation of design 
concept and will review the concepts to determine the overall turbopump cost 
for the configurations. 

• The weight group will provide preliminary weight information of the designs. 

. The chief engineer’s office will evaluate the concepts for the impact on 
reliability, inspectability, and maintainability. 

• Materials engineering group will evaluate the potential application of low cost 
materials and manufacturing processes leading to low costs. 

. Manufacturing will provide support and data to assist in the evaluation of the 
design and fabrication methods. 

. Instrumentation engineering will provides concepts for instrumentation and 
data recording. 


b. Preliminary Design 

The preliminary design task includes the engineering studies and analyses ^^ed ^ 
establish the selected preliminary turbopump design, incorporatmg the low cost concept 
identified in trade studies. As part of this task, P&W will prepare drawings and specifications. 

Engineering analyses will evaluate low-cost concepts to determine the impact on reliability, 
maintainability, operability, and performance. 

c. Fabrication and Process Analysis 

Pratt & Whitney will perform fabrication analysis stuies and sample fabrication 

demonstrations of low-cost manufacturing concepts. These analy^ n 

manufacturing concepts such as integrally bladed rotors or cast impellers are sufficiently 

developed for consideration during the optional detailed design. 

Specific concepts to be evaluated under this task include the following: 

. Inconel 718 cast impellers with shrouds 


. Inconel 718 powdered metal impellers with shrouds 

. Cast-to-size turbine blades of PWA 1447, PWA 1480, and IN-100 materials 

• Cast-to-size integrally bladed rotor of PWA 1447 and Waspaloy materials 

. Electrode discharge machined (EDM) integrally bladed rotor of IN-100 and 
WaspEiloy materiab 
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• Cast housing of Haynes 242 and 230 materials 


• Forged disk/shaft assembly 

• Inertia welded shaft/disk assembly. 


d. Laboratory Tests 

Materials Engineering will perform materials characterization tests to determine material 
acceptability from a mission and fluid compatibility standpoint. These tests will include tensile 
high cycle fatigue (HCF), low cycle fatigue (LCF), static and dynamic structural tests, and 
propiellant compatibility tests. 

e. ReliabilHy and Hazard Analysis 

Pratt & Whitney will perform a preliminary hazard analysis of the preliminary design to 
confirm the design meets the reliability requirement level of 0.99 with a 90 percent confidence 
level This analysis will include the use of historical turbopump reliability data using statistic^ 
methods This analysis will evaluate reducing failure modes and effects, applying materials 
characterized for the operating environment, simplifying the designs and st^«® 

concentrations, completing weld inspectability. verifying design criteria, and identifying high 
safety margins on critical parameters. 

f. Technology Development Program 

A technology development program plan of potential cost reduction ideas requiring 
additional development will be offered. These plans will include items that we in a preliminary 
stage but that could be available for the ALS engine C/D phase. Potentia^ ideas incluc^ powder 
metal impellers, bearings with alternative material cages, directionally soliified (DSVjJuiwed 
cast bladed rings, hydrostatic bearings, and hybrid hydrostatic bearings that include hydrostatic 
and rolling/element bearing combinations. 


g. Preliminary Design Review 

A preliminary design review will be conducted at the conclusion of the basic effort. The 
options considered and selected will be reviewed in detail, and a summary of the analyses 
supporting the selected design will be provided. 

h. Preliminary Cost Model 

The effort to create the ALS engine turbopump component cost model will begn 
immediately after contract award (Figure II-4). The first three months ^11 spent 
cost model concept so it can be presented at the first Quarterly Review. At this review, P&W will 
present its method for analyzing the impact of Government requirements on turbopump costs. 

Detailed cost model planning and formulation will begin following the Quarterly Review. 
During this period, the model structure will be defined in detail dong with the i^uu^tions made 
for its construction and the sources and methods for obtaining input data. Pratt & Whitney wi 
define the approach to be used in determining what impact the elimination of Government 
specification requirements has on costs. The method to be used to calibrate the model, using 
actual cost experience obtained during the fabrication phase of the pro^i^ will be identifiei 
Coordination with the suppliers providing turbopump parts will be established early in the basic 
effort to set the format of the cost model input data they provide. 
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Figure II-4. Engine Turbopump Cost Model Schedule Basic 

The basic effort will also include a preliminary evaluation of Government specification 
requirements to determine which are applicable and to define the impact of each on component 
production and operating and support costs. 

Actual programming of the in-house cost model will start under the basic effort in early 
1990. This early start is needed to have a working model available before the turbopump Detai 
Design Review (DDR), where initial cost model results will be presented and discussed. 

In the last two months of the basic effort, a baseline cost model Contract End Item (CEI) 
specification will be generated along with a data package for the cost model. At the Pre iminary 
Design Review, the preliminary cost model will be presented, and the results of the preliminary 
evaluation of specification cost impacts will be reviewed. 


This review will include a description of the general model structure, the assumptions u^d 
in its construction, the source of all impact data, the approach for including the impact of the 
Government specification requirements, the approach for using the actual cost experience 
acquired during the option program fabrication of the components to calibrate the model, and t e 
estimated uncertainty of the model results. 
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/. SpecffIcBtions, Plans and Reports 

Plans and reports required for the basic effort will be provided and updated as required by 
Data Procurement Document 720. 

I. Program Management 

Program direction and coordination will be provided by the project manager and his staff, 
who will ensure that the disciplines and systems are available to support the tasks. 


3. Priced Option 

The priced option is a 28-month effort consisting of development of a detailed turbopump 
design, fabrication and assembly of development hardware, and test and evaluation of a 
turbopump at the Stennis Space Center. This option will consist of the following tasks. 

• Turbopump Design 

• Ground Support Equipment (GSE) Design 

• Special Test Equipment (STE) Design 

• Interface Control Document 

• Test Plans 

• Detailed Design Review 

• Detailed Cost Model 

• Turbopump Fabrication & Assembly 

• GSE Fabrication 

• STE Fabrication 

• Procedures Development 

• Laboratory Testing 

• Hazard Analysis 

• Final Test Plan 

• Engineering and Support 

• Final Inspection 

• Test Report 

• Specifications, Plans and Reports 

• Program Management 

• Special Studies 

• Technology Development Plan 

a. Detailed Design 

A detailed design and analysis of the turbopump configuration selected in the basic program 
will be conducted. 

During the detailed turbopump design, analyses will be conducted to ensure the integrity of 
the design. Included in this task are stress analyses on individual hardware details and 
assemblies; turbine and pump performance operating loads; thermal, dynamic, flow, rotor 
dynamics; and bearing and sed performance. (Section IV discusses P&W’s Integrated Analysis 
Plan.) Four sets of preliminary drawings and data packages will be submitted before the design 
review. 

A probabilistic failure analysis of life critical failure modes will be done to provide a 
quantitative estimate of turbopump reliability. 

Any GSE and STE required to install, service, and operate the turbopump assembly at the 
Stennis Space Center will be analyzed and designed as defined in the Interface Control 
Document. 
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As part of the detail design, P&W will develop a turbopump test plan pR-30) for verifying 
the design. This plan will describe the turbopump assembly, interface requirements, instrumen- 
tation needs, propellants requirements, test objectives, and operating conditions. An Acceptance 
Plan (DR-20) for other required tests (laboratory, subcomponent and components tests for 
design verification) will also be provided. Four weeks before delivery of the turbopump, a final 
test plan will be provided. (Pratt & Whitney’s Integrated Test Plan is discussed in Section III.) 

At completion of the detail design, a detail design review will be conducted at Marshall 
Space Flight Center (MSFC). The review will include, among other items, a summary of the 
analyses supporting the design. The proposed fabrication approach will also be reviewed. 

b. Detailed Cost Model 

The effort for constructing the detailed cost model (Option) will begin in May 1990 
(Figure II-5). The first 3 months will be dedicated to completing the programming of the in- 
house version of the cost model. During this period, input data for the model will be gathered. A 
manufacturing plan will be generated for flight versions of the turbopump. Production cost and 
cost-related input data will be obtained for purchased parts from suppliers. The manufacturing 
cost and cost-related input data for P&W parts will be generated by P&W manufacturing 
engineers. 


The Operating and Support (O&S) cost portion of the model will need failure mode 
Weibulls and scheduled and unscheduled maintenance event data for the O&S cost calculations. 
This data will also be generated. 

The model will be capable of scaling components covering engine thrust sizes between 300K 
and BOOK and chamber pressure levels between 1500 psia and 3200 psia. The dimensions and cost 
impacts for these scaled components will be defined. 

In preparation for the DDR, the production and O&S cost impacts of eliminating 
Government specification requirements will be quantified. This information will be obtained 
from the suppliers for the purchased parts, and it will be generated for the P&W parts. The^ 
results, along with initial cost estimates generated by the cost model, will be presented at the 
DDR. 

In the months following DDR, the in-house cost model will be exercised and perfected. 
Work will start in early 1992 on the deliverable cost model. A user’s manual will be generated for 
the deliverable model. 


After fabrication, updates will be made to all input data to reflect experience gained during 
the fabrication process. This updated data will include manufacturing cost and cost-related data 
for all P&W-manufactured and purchased parts, Weibulls and maintenance event data. 
Government specification impacts, and an updated Contract End Item specification. 

In preparation for delivery of the model, the last 2 months will be spent generating 
substantiating data for the model. These data will include historical data, examples, and 
analogies. Component weight and design information needed for an independent cost assessment 
by the National Aeronautics and Space Administration (NASA) will also be generated. The cost 
model will be delivered to both NASA and the U.S. Air Force at the completion of the option 
program with the user’s manual, a copy of the source code, and the independent cost assessment 

data. 
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Figure II-5. Engine Turbopump Cost Model Schedule — Option 
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c. Prototype Fabrication 


One complete set of turbopump hardware and one set of critical 
housings bearings, etc.) will be procured based on the detailed design completed- GSE and.STE 
required ’to support testing at SSC will also be fabricated. Assembly of the 
conducted at P&W using P&W’s configuration control system. A comparison of the <«rt)(j)ump 
with the design previously reviewed will be conducted. Any discrep^ces will be proinded to 
MFSC per the Acceptance Data Package 14 days prior to deliwiy 

hazard analysis will be conducted to determine potential for damap to the test facility, a^d t^ 
results will be delivered before turbopump testing. Laboratory testing to verify the ^ 

conducted. Included will be laboratory materials and property testa on fabricated hardware (weld 
sample material), evaluation of fabrication cycle (weld samples), spn tests on rotating hardware, 
vibration evaluations of hardware, and rig test evaluations of bearings (Table II-l). 


Table II-l. Turbopump Component Nondestructive Inspection and Design Verification 

Requirements 


Component 

Impellers 
Inducer 
Disk/IBR 
Turbine Blades 
Turbine Stators 
Pump Housings 
Turbine Housings 
Tie Bolt/Shaft 
EDM Cast Test Bars 
Bladed Rotor 
Rotor Assembly 
Bearings 


Nond estructive Inspection 

X. F, S, D 
X» F, S. D 
X, F. S. D 
X. F, D 
X, F, D 
X. F, D 
X, F, D 
X, F, D 
X, F 


Design Verification Specification 
M. SP, B 
M, SP. B 
M. SP, B 
M. D 
M, D 
M. S. P 
M. S, P 
M 

M, F 
D 
D 
R 


NDI Legend 

X — X-ray 
F — FPI 
S — Sonic 
D — EHmensional 


DVS Legend 

M — Materials Properties (Tenaile, LCF, etc.) 
SP — Spin Test 
B — Burst Spin Test 

S — Static Structural Test (Stress Coat, Strain 
Gage, etc.) 

0 — Dynamic Structural Test (Vibration, 

Holography, etc.) 

P — Structural Proof Pressure 
p —Surface Finish Evaluation 
R ^ Rig Teste 


d. Procedurea Dev^r^unent 

A set of procedures will be generated for the assembly, disassembly, »I»ration, inspection, 
storage and transportation of the turbopump and wUl be delivered to NASA. 


e. Tost Hardware Su[H>ort and Anaiysia 


Engineering 
scale turbopump 


and logistics support to maintain the test hardware will be provided The fidl- 
assembly tests will provide functional evaluation of the pump, turbine, rotor 


support, and rotor thrust control systems. 


Pratt & Whitney will provide an interface drawing defining fluW conditions and allowable 
interface loads as early as possible during the final design. Pratt & Whitney will work with the 
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facility designers throughout the course of the program to ensure that 
operational requirements are met. Data analysis will be performed ^ needed during the ^month 
test period When testing has been completed, a final inspection of the turbopump wll be done 
S S^r^ndition otthe hariwr. will b. documented. A teet report will be pro^d^ ee rtqu.md 
by Data Requirement DR-34. The report will include the test results as well as findings from the 

final insp>ectionp 

i. Specifications, Plans and Reports 

Plans and reports required for the option program will be provided and updated as squired 
by Data Procurement Document 720. Included are monthly, quarterly and final reports and other 
various data procurement documents. 


g. Program Management 

Program direction and coordination will be provided by the Program Manager and his staff, 
who will ensure that the disciplines and systems are available to support the tasks required. 

h. Special Studies 

An level of effort equal to 1000 man-hours will be provided for conducting any special 
studies necessary during turbopump design and fabrication. 

I. Technology Development Plan 

The technology development program plan that was developed in the basic P«>pam will be 
updated during this phase. This plan addresses design and development 
JSre enough to include in the present design. Technology that may be 
included, but are not limited to. cast powdered metal impellers 

(DS)/equiaxed integrally bladed disk, bearings with alternative material cages, cast bladed rings, 
hydrostatic bearings, and hybrid bearings. 

B. POTENTIAL PROBLEM AREA 

Because of difficulties with the Space Shuttle Main Engine (SSME) inner race and ^e 
ATD roller bearing, the turbopump bearings are a potential problem area in the ALS oxidizer 

turbopump design. 

C. INHERENT TECHNICAL RISK 
1. Design 

The SSME flight bearings have experienced flight inner race stress co^sion cracking. 
Pratt & Whitney is pursuing a program to optimize the properties of AISI 440C and, in paralle 
efforts, to develop a suitable replacement. 

Sound design criteria for installation and controlled assembly procedures are es^ntial to 
avoid stress corrosion cracking. Pratt & Whitney’s bearing design system provide radial fits that 
are sufficient to prevent inner ring rotation but that avoid excessive race hoop stresses to 
minimize the potential for stress corrosion cracking. 

For the ALS Program, the calculated maximum room temperature and operating stresses 
are provided in Table II -2. 
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Tab/e H-2. ALS Program — Maximum Bearing Hoop Stresses 




Pump End 
Ball 

Turbine End 
Roller 

LOX Pump 

R.T. 

Operating 

15,000 psi 
7,800 psi 

16,900 psi 
13,200 psi 

R20M6/1 


To further reduce the risk, specific assembly procedures are defined to prevent bearing 
damage during assembly. These procedures are designed to control moisture and to preclude the 
introduction of contaminants during assembly. 

Because of the microcracks found in the ATD roller bearing inner race, microcracks are a 
serious concern for the ALS turbopump. Pratt & Whitney has identified the cause of the ATD 
roller bearing inner race fracture as microcracks or metallurgical damage P^o^^ed by the 
manufacturing process. The ATD Program is now using a state-of-the-art ej^y oirrent 
inspection system that will detect such defects. With the increased sensitivity of this eddy 
current system, bearing manufacturers can refine and modify their manufacturing procesres. 
Early eddy current screening using an equivalent system by FAG (German hewing supp le ), 
provided the suppliers early feedback on their manufacturing techni^es. This system is 
currently being refined before being fully implemented at the three ATD bearing 
in April 1989. This refined eddy current inspection will be performed on all ALS bearings, 
preventing the occurrence of similar manufacturing-induced failures. 

2. Material Development Plan 

Pratt & Whitney is seeking alternative materials with improved 
corrosion resistance under another contract. The results should be available in the 1991^2 time 
frame, and as a result, alternate bearing materials could be considered for this program. 

In the ATD Program, stress corrosion cracking (SCC) evaluation testing of an AISI 9310 
material inner race has accumulated 65 days in a 

an arbor at 50,000 psi hoop stress. The lack of general corrosion resistance of AISI 9310 material 
necessitates surface protection to ensure that corrosion itself does not induce/accelerate rolling 

fatigue. 

Because of the SCC limitations of 440C material and the general corrosion limitetions of 
AISI 9310 material, P&W is initiating a three-phase program approach to develop alternative 

materials. 

One phase is to evaluate the use of powdered metal (PM) technology. Pratt & Whitney has 
an extensive background in developing and fabricating advanced PM aUoys 
disks. These resources were used under Air Force contract (AFWAL-TR-te-2097) to develop new 
corrosion resistant bearing alloys for gas turbine applications One of the alloys 
condition will be evaluated by a bearing manufacturer. The 

demonstrated under this contract can be used to develop a new alloy. PM alloys with their finer 
and more homogenous carbide composition offer improved fracture toughness and ease of 

manufacturing. 

Pratt & Whitney is also pursuing alternative materials development with bearings 
manufacturers who are developing advanced bearing materials and tough fracture resutant 
alloys, such as M50 NiL material and super M50 NiL material, for gas turbine applications. 
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A bearing manufacturer has successfully carburized high chrome steels (>12 percent) in 
experimental programs. Such an alloy could be available for experimental evaluation by early 

1990. 


The development of a new PM bearing alloy could also be coupled with the new Howmet 
VPSD™ (vacuum plasma structural deposition) process. This process offers the possibility of 
depositing a corrosion resistant alloy over a ductile core, producing improved fracture toughness 
and corrosion resistance. 

In addition to the alternative material programs, the heat treatment and processing 
techniques for 440C material are being investigated. This phase of the program will concentrate 
on improving 440C material’s resistance to SCC. This includes evaluating austenitizing 
temperature, quench media, tempering temperature, and in-process manufacturing procedures 
that can induce intergrannular attack or chemical contamination. 


The most promising candidates from each phase will be evaluated in material characteriza- 
tion tests by P&W, with the best candidate materials selected for ATD bearing rig screemng. 
Pratt & Whitney has developed unique rig testing capabilities, and these will be used to 
accelerate the screening process to minimize the total development time. 


Since the ALS Program follows the ATD Program, the ALS Program will be able to take 
full advantage of ATD rig and bearing success. In the ATD Program, the bearing test program 
has already demonstrated a robust design. For the ALS Program, this means added margin 
because the ATD bearings operate at higher speeds and loads. The ATD high pressure oxidizer 
turbopump (HPOTP) ball bearing showed remarkable durability by accumulating 1.1 hours in 
LN, and 3.1 hours in LO^, including 10 simulated SSME flight cycles. Post test inspection 
showed wear on the balls was less than 0.000050 in. In roller bearing testing, two tearmgs have 
totalled 7.1 hours each, again validating this unique bearing design. Also the capabilities of the 
fully matured rigs will be used to verify the ALS bearing designs. This one-two approach to 
design and test verification will ensure success for the ALS Program. 


D. RISK REDUCTION 

The following list summarizes the significant features of P&W*s risk management plan for 
the ALS design and development program. 

• Early detail screening and endurance demonstration in cryogenic rigs 


— Bearings 

— Damper Seals 

— Interpropellant Seals 
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• Supportive material characterization and thermal cycle test evaluations 

— Turbine blade and vane airfoils 
— Alternative alloy/casting process evaluation 

• Alternative structural designs 

— Backup designs available upon determination of need 

• Structural dynamic and proof tests at the detail/subcomponent levels 

— Pressure vessel proof tests 
— Spin test critical rotor details 
— Dynamic spin test of turbine rotors 
— Rotor assembly impedance tests 
— Bearing support spring rate evaluation 


• Structural design margin 


— Structural design point of ALS components is 115 percent of 
RPL 

• Design Verification System approach 

— Clear issues as early as possible 
— Clear issues at lowest test level possible 


1. Alternative Plans 

Each component has alternative low cost, high reliability concepts and technology 
programs to ensure that any potential impact to the design and schedule is prevented or 
minimized. Tables II-3 and II-4 list the major components with their material and fabrication 

alternatives. 


2. Backup Approaches 

A proven backup configuration is available to minimize schedule impact in the event that a 
primary design does not meet cost reliability or performance goals. Table II-4 illustrates the risk 

mitigation concept. 
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Component 

Bearing, Ball 
Race and Elements 


Cage 

Bearing, Roller 
Inner Race and 
Elements 

Outer Race 

Cage 

Blade, Ist-Stage 
Turbine 

Blade, 2st- Stage 
Turbine 

Disk/Shaft, Txirbine 

Disk, Thrust 
Housing, Pump Inlet 


Housing, Pump 
Discharge 

Housing, Turbine 
Discharge 

Housing, Turbine 
Inlet 

Impeller, Pump 
Inducer, Pump 

Seal, Labyrinth 

Vane 1st- Stage 
Turbine 

Vane, 2nd* Stage 
Turbine 


Table IJ-3. Oxidizer Turbopump Component Materials 


MaterM RationaU Alternative Materials 


440C 

Corrosion Resistance 

M-50 NIL, AISI 9310, 62100, 
BG-42 

Bronze-Filled 

Teflon 

Minimal Race and Ball Wear 

Carbon Teflon. Carbon Polymide. 
Glass Cloth-Filled Teflon 

440C 

Corrosion Resistance 

M-50 NIL, AISI 9310, 62100, 
BG-42 

AISI 9310 

Fracture Toughness 


Glass Cloth 

Cost, Experience 

Carbon Polymide, Carbon Teflon 

W/Teflon 

MAR-M-247 

Casting Experience, Cost, 
Withstand Thermal Shock 

StelUte 31, IN-100, PWA 1480 
SXL 

MAR-M-247 

Casting Experience. Cost, 
Withstand Thermal Shock 

StelUte 31, IN- 100, PWA 1480 
SXL 

Waspaloy 

Yield and Fatigue Strength, 
Cost, Ductility 

IN- 100, Inco 718, Astroloy 

Inco 718 

Machinability, Coat 

Waspaloy, X-750 

Inco 718 

Supplier Casting Experience. 
Cost, Strength 

Haynes 242. Mar-M-247, Haynes 
230, A -286, Incoloy 909 

Inco 718 

Supplier Casting Experience, 
Cost, Strength 

Haynes 242, Mar-M-247. Haynes 
230, A -286. Incoloy 909 

Haynes Alloy 
230 

H 2 Resistance, Strength 

Mar-M-247, A-286, Haynes 242, 
Incoloy 909 

Haynes Alloy 
230 

H 2 Resistance, Strength 

Incoloy 909. A-286, Haynes 242. 
Mar-M-247 

Inco 718 

Supplier Casting Experience. 
Cost, Strength 

Waspaloy, 347 SST 

Inco 718 

Supplier Casting Experience, 
Cost, Strength 

Waspaloy, 347 SST 

Inco 718 

Machinability, Cost 

Waspaloy, X-750 

Haynes Alloy 
230 

Integrally Cast With Turbine 
Inlet Housing 

Haynes 242, MAR-M-247 

MAR-M-247 

Casting Experience, Cost, 
Withstand Thermal Shock 

Inco 718, Inco 625, Stellite 31, 

IN- 100 

— R208fl&/1 
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Table II-4. Oxidizer Turbopump Component Fabrication Concepts 


Component 
Bearing, Ball 
Bearing, Roller 

Blade, Ist-Stage 
Turbine 

Blade, 2nd-Stage 
Turbine 

Disk/Shaft, Turbine 


Housing, Pump Inlet 


Housing, Pump 
Discharge 

Housing, Turbine 
Discharge 

Housing, Turbine 
Inlet 


Impeller, Pump 


Inducer, Pump 


Vane, Ist-Stage 
Turbine 

Vane, 2nd-Stage 
Turbine 


Fabrication 

Concept 

Multi- Piece Cage 
One-Piece Cage 

Near-Net Equiaxed 
Casting with 
Hollow Airfoils 

Near-Net Equiaxed 
Casting with 
Hollow Airfoils 

Forged Disk and 
Bonded Shaft 


One-Piece Casting 
(Fine Grain and 
HIP) 

One-Piece Casting 
(Fine Grain and 
HIP) 

One-Piece Casting 
(Fine Grain and 
HIP) 

One-Piece Casting 
(Fine Grain and 
HIP) 

Cast Shrouded 
Impeller with 
Swept Vanes (Fine 
Grain and HIP) 


Near-Net Casting 
(Fine Grain and 
HIP) 

One-Piece Cast 
Stator with Hollow 
Vanes 

One-Piece Cast 
Stator with Hollow 
Vanes 


Alternative 

Concepts 


One-Piece Cage 


Near-Net Equiaxed Casting 
With Solid Airfoils 


Near-Net Equiaxed Casting 
with Solid Airfoils 

IBR (Integrally Bladed Rotor) 
with: 

•Solid-State Bonded Blades 
•ECM or EDM Blades 
•Milled Blades 
Bladed Ring (Cast Blade 
Ring) Bonded to Forged Hub 
Cast IBR 

One-Piece Forging 
Combination Cast/Wrought 
Details Welded Together 

One-Piece Forging 
Combination Cast/Wrought 
Details Welded Together 

One-Piece Forging 
Combination Cast/Wrought 
Details Welded Together 

One-Piece Forging 
Combination Cast/Wrought 
Details Welded Together 

Forged Hub and Vanes with 
Attached Shroud: 

•Solid-State Bonded 
•Brazed and Welded 
•Mechanical 

Shape Formed by Rapid 
Omnidirectional Compaction 

Shape Formed by Rapid 
Omnidirecdonal Compaction 


Bicast: Hollow Vanes Cast 
into Inner and Outer 
Shrouds 

Bicast: Hollow Vanes Cast 
into Inner and Outer 
Shrouds 


Risk Mitigation 
Concepts 


Cast Single Crystal with 
Hollow A/F 

Cast Single Crystal with 
Hollow A/F 

Forged Disk and Integral 
Extruded Shaft 


Forged, Welded, and Machined 
Details 

Forged, Welded, and Machined 
Details 

Forged, Welded, and Machined 
Details 

Forged. Welded, and Machined 
Details 

Forged and Machined Shrouded 
Impeller with Radial Vanes 


Forged and Machined 


Cast Segments with Hollow 
Vanes 

Cast Segments with Hollow 
Vanes 


R20M6/1 
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SECTION III 

INTEGRATED TEST PLAN 


During the Advanced Launch System (ALS) oxidizer turbopump development program, 
Pratt & Whitney (P&W) will conduct testing to evaluate materials selected, to ev^uate 
fabrication techniques, and to verify the design. Testing will ^ at the matenal/p^s 
component, and turbopump levels. Nondestructive Insp^ion (NDI), Verific^i^ 

Specification (DVS), and full-scale demonstration tests will cover the range of testing to 

completed. 

In the basic effort, laboratory tests of materials — such as high cycle fatigue (HCF), low 
cycle fatigue (LCF), structural tests and propellant capability tests — wll determine 
materials/fabrication acceptability from a mission and fluid-compatibility standpoin . 

In the priced option, laboratory material property tests will also be conducted. In addition, 
weld samples will be evaluated, spin tests will be performed on rotating hardware, and vibration 
evaluation will be performed on components and subassemblies. Bearings will be evaluated by rig 
testing and full-scale turbopump assembly tests will provide functional evaluation of the pump, 
turbine, rotor support, and rotor thrust control systems. 

Facilities at the National Aeronautics and Space Administration’s (NASA’s) Ma^ball 
Space Flight Center and Stennis Space Center and P&W facilities will te used to accomplish the 
turbopump program objectives. Special test equipment and tooling will be required for support of 

this program at P&W. 

A. MATERIALS/PARTS 

Initial testing will be performed at the “®terial/p^ level Quali^^^ 
and initial evaluation of the design will be accomplished by both NDI and DVS testing. 

NDI techniques will include dimensional, x-ray, fluorescent penetrant inspection, and sonic 
inspection. DVS testing will include tensile, LCF. and HCF tests. The objectives ‘^e^ ^sts is 
to verify that material properties are acceptable and that the design requirements have been met. 

1. Design Requirements 

The turbopump hardware will be designed to meet low acquisition and low operational costs 
as well as high reliability. 

2. Objectives 

The P&W goal is to verify the turbopump design at the lowest possible level by testing. NDI 
and DVS test objectives outline the testing that must be accomplished for qu^ifying a 
component. For the materials evaluation, fabricated samples will te tested to determine 
materials properties (tensile, LCF, HCF, etc.) of fine gram Inconel 718 and other selected 

materials. 

3. Facilities and Equipment 

Mechanical and physical properties tests for materials will be conducted on the existing test 
stands in P&W’s Materials Engineering laboratory. These stands can test materials in either a 
helium or a hydrogen environment at pressures from ambient to 8000 psig. Test temjjratures 
can be varied from ambient to 1800‘F. Cryogenic testing can also be accomplished in the 
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materials laboratory where a gaseous or liquid nitrogen environment is used at ambient pressure 
and temperatures down to — 320"F. 

4. Test Method 

Material characterization will be performed through the P&W Materials ppneering 
laboratory. The characterization program will substantiate the material selections for “e 
hardware elements over the full range of environmental exposure encountered during the ALb 
operating cycle. A full description of the materials characterization program, as currently 
defined, is provided in the ALS turbopump “Materials Control Plan. 

B. COMPONENTS 

Both NDl and DVS testing will be used in the component test plan. Materials properties 
tests will concentrate on test bars produced with the individual component hardware rather t an 
separate test bars. The DVS testing will further define and verify the design requirements by 
means of spin, structural pressure, and surface finish testing. 

1. Design Requirements 

The turbopump hardware will be designed to meet low acquisition and low operational cost 
as well as high reliability. 

2. Objectives 

The P&W objective is to verify the turbopump design at the lowest possible level by testing. 
NDl and DVS test objectives outline the testing that must be accomplished for qpali^ng a 
component. Materials will be evaluated to determine properties (tensile, LCF, H01-, etc.) ot 
selected materials. 

Spin and spin burst tests will be used to simulate operational rotating characteristics to 
verify component structural integrity. Spin burst testing will conf^ the design marpn and 
further define the operational safety margins for the structural characteristics involved. 

A pressure proof test will ensure that the subject component can withstand design pressures 
and will define the structural design margins relative to these pressures. Surface 
will determine the quality of the finish as well as initialize a data base for further surface finish 

design. 

Bearing rig tests and seal testing will be used to monitor bearing/seal performance, life, and 
wear characteristics. Testing at P&W’s E20/21 test stands will simulate operational conditions 
and will verify design requirements before full-scale testing. 


3. Facilities and Equipment 

NDl and DVS material testing and proof pressure testing will be perform^ wth existi^ 
P&W equipment. Existing facilities will be used for the spin 

required to adapt the spin equipment to the ALS ‘‘"^ware Existing Alternate 
Development (ATD) Program bearing and seal rigs w^ be used for the beanng/seal tests. So 
adaptive tooling may be required for the ALS application. 

4. Test Method 

Material testing will be accomplished by laboratory evaluation of fabricated twt specimens. 
All turbopump pumping components (impellers, inducers) will be subjected to spin tests to verify 
analytic&l predictions of local cyclic strain ranga. 
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Turbine blades for the turbopump will be subjected to further dynamo stress analysis in a 
spin test that verifies the structural adequacy of the blade when dynamic (vibratory) stresses are 
imposed concurrent with rotating loads. 

A full set of blades will be installed in the turbopump shaft/disk and fixtured for spin 
testing. Selected blades from each stage will have been instrumented with strain gages to 
measure both dynamic (vibratory) and steady strains. This instimmentotion is routed through a 
slip ring device that is a part of the spin test facility. After the bladed disk 
the spid simulating the turbopump operating condition of interest, the ^ 

with air jets or with piezoelectric crystals (also installed on the instrumented blades). The 
combined steady (rotating load) strains and vibratory strains will be monitored by the strain gage 
instrumentation and recorded by the data acquisition system. Post-test analysis will that 

superimposed vibratory and steady stresses 

within the Goodman diagram criteria for infinite high cycle fati^e f ^ 

will also quantify any change in resonant response resulting from the concurrent load 

application. 

Spin stress evaluations for turbine components consist of static and vibratory strain-gage 
surveys of a component being spun in a spin rig at speeds ranging from zero to the maximum 
expected operating speed. Since the spin pit will be operated room tem^rature, correctio^ 
will be made to account for material property differences. ^^® ‘ 

performed at incremental speeds, with gages located at nominal and predict^ 

The vibratory survey will be conducted continuously through the entire speed range. Ga^s will 
pirated appositions that allow identification of predicted m^e shapes and determination of 
vibratory streVs ratios. The vibratory modes will be excited by «r jete ^ 

component while it is spinning, or by piezoelectric crystals attached directly to the test article. 

Static strain data will be reduced and correlated with analysis of the com^nen^ verify 
that cyclic strain ranges are low enough to meet life goals. Vibratory date will U ^^ced to 
determine natural frequencies, mode shapes, and vibratory stress ratms. The , 

also be compared to analytical predictions to ensure that potential high-energy vibratory modes 
are not present in the normal operating rotor speed ranges. 

All turbopump major rotor components will be spin tested to verify burst margins ^ 
ultimate burst conditions. Each rotor part (impellers, inducers, and integral shaftey^disks) wiH ^ 
individually mounted in an evacuated (vacuum) spin pit ^d rotated at incremental ®P“^ ^ ^ 
a speed that simulates 122 percent of the design limit load speed, adjust^ nrT 

material properties. Plastic growth measurements of the bore and pilot diameters, based on pre- 
and post-run dimensional inspections, will be used to verify structural burst margin and to 
calculate ultimate burst conditions. 

All turbopump vessels will be pressure tested to verify structural ^ to 

demonstrate that stresses at critical locations do not exc^ the desi^ udd^ions) 

yield limit at 1.2 times the design point limit pressure condition (mcluding tolerance a^ditmns). 
Measure vessels will be assembled to tool fixtures or mating parts to proinde interface restrainte, 
load paths, etc. External loads will be applied through load 

environmental load simulation. Strain gage instrumentation will be attached at the location of 
predicted high stress, or at locations of stress concentrations defined by analysis and I«borato^ 
test Direct deflection measurements may also be recorded durmg testing. Each vessel ^il 
pressurized using water or hydraulic oil at room temperature. The ^fl^ion and ®^™" jage ^ta 
will be reduced and correlated to the structural analysis to verify that all strains and strai 
ranges meet structural margin and life goals. 

All criUclJ turbopump part, having potential ribrrtory mod,, ot axcitetion ^1 ^ S“bj^ 

to laMt hdograpbic analyai. to determine remnant mode shapes and frequencies. These tests 
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will concentrate on parts that have potential high-energy excitation sources, such as ti^bine 
blades, vanes, and struts and pump impellers and inducers. However, other cntical hardware 
having possible mechanical or hydraulic excitation sources (such as housings bellows, ducts ai^ 
structural supports) may also be evaluated using these techniques. Each part will 1^ 
representatively mounted and excited over a range of frequencies covering all po^ible 
turbopump excitations using a vibratory force transducer. Laser holo^ams will be produced for 
all conditions of part resonance, identifying optically the deformation (mode shapes) of the 
structure. These data will be compared to the Finite-element analysis predictions of resonant 
response to verify that the turbopump is free of resonant incidence at conditions of steady 

operation. 

For detail part resonant responses that occur in the turbopump operating range, forther 
testing to determine the dynamic stress associated with the resonant condition wU be conducted. 
Further qualitative mapping of stress distributions will be performed on the shaker table using 
brittle lacquer coating or noncontacting infrared methods. Small, low mass strain gages will t en 
be installed at maximum modal stress response locations, and a complete quantitative stress 
analysis conducted in all response modes of interest. These stress data will venfy the low modal 
stress sensitivity (stress response/unit input) and associated suitability for turbopump operation 
over the full design speed range. 

The turbopump rotor assembly will undergo impedance tests to provide modal data that 
will verify the analytically predicted rotordynamic characteristics. Rotordynainic characteristics 
at the impedance test conditions (zero rpm, room temperature) are predict^ using the same 
design system that provides operational condition characteristics; therefore, these tests to 

provide maximum confidence in the accuracy of the on-condition dynamic rotor stability 

margins. 

Experimental modal analysis is a state-of-the-art test prwedure that uses a digital F^t 
Fourier Transform Analyzer to characterize the dynamic behavior of structures. The Msemb e 
rotor is supported by very soft, non-interacting mounts at the bearing support locations, 
simulating the rotor in the free-free, non-rotating state. Instrumentation consists of small 
piezoelectric accelerometers located along the length of the rotor. 

Transient-impact techniques will be used to calculate frequency response functions (FRF) 
from measured input-force excitations and response accelerations generat^ at several locations 
along the axis of the rotor. Curve-fitting algorithms will be used to estimate a mathemati^ 
model of the structure response from which the resonant frequencies and corresponding mode 
will be extracted. Rotor modal response data will be correlated to the analytic^ rotordyn^ic 
predictions for the test conditions, providing verification of (or correction to) the assumptions 
and prediction system used for operational dynamic margins. 

Cryogenic test rigs are available for turbopump ball and roller bearing evaluation, j^e 
objective of the bearing rig test program is to provide bearing perfor^nce and wem data, wfech 
supports turbopump bearing life goals, from cryogenic (design fluid) operation at actual speed 
and load conditions as defined by the duty cycle. 

A GN2 -powered turbine drive will be provided for each rig. Application of raial load to the 
test bearings is accomplished by a pneumatic actuator centered on the ^ 

radial load reacted at the outboard tests bearing is lower than the load applied to the inboa 
bearing, providing the opportunity to evaluate a range of load values during each test. 

In the ball bearing rig, axial loads can be simultaneously applied through an ad^tion^ 
pneumatic actuator. This feature simulates the transient axial loads that occur during the short 
period before the thrust piston face pressure builds to an adequate level to "et rotor 

axial loads. During steady-state operation, the axial loading required on the baU tearing to 
prevent excessive ball excursions is applied by the wave spring at the outboard test tearing. 
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Synchronization of applied loads with increasing speed, to simulate the actual load/speed 
ramp of the turbopump, can be accomplished by varying the pressurization rate of the pneumatic 
cylinders through fixed orifices. Redundant coolant flowpaths allow the test bearing flow rates to 
be set individually for test program flexibility. The rig will also accept a full complement of 
diagnostic instrumentation, including instrumentation to measure coolant temperatures and 
pressures at each bearing, speed, vibration, and outer race metal temperature. 

C. FULL-SCALE TURBOPUMP 

Turbopump testing will be conducted at the Stennis Space Center to provide functional 
evaluation of the pump, turbine, rotor support, and rotor thrust control system. 

1. Design Requirement 

The turbopump hardware will be designed to meet low acquisition and low operational cost 
as well as high reliability. 

2. Objective 

To demonstrate a highly reliable, low cost turbopump for the ALS program 

3. Fabrication and Equipment 

The turbopump test stand will be provided by NASA. Special test equipment, such as 
interface connections, and any ground test equipment will be provided by P&W. 

4. Test Methods 

A turbopump test plan outlining test objectives and operating conditions is provided in 
Table IIM. 

A period of three months, including two weeks for mounting in the test stand, has been 
allotted for turbopump testing at Stennis Space Center. The assembled test article will be 
delivered in the middle of the 24th month, ready to be mounted in the Stennis test cell. The rig 
will be completely instrumented at P&W before shipment 
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Table III-l. Preliminary Oxidizer Turbopump Test Program 


DuTotioTi 

Pumping Fluid 

Test No. 

Objective 

Test 

5 sec SS min 

LN 2 

1 

A 

Rotation 

5 sec SS min 

LNa 

2 

B.E.F 

Run to 20%* 

5 sec SS min 

LN 2 

3 

B.E.F 

Run to 50%* 

10 sec SS min 

LN 2 

1 

B,C.D,E,F 

Run to 20%* 

10 sec SS min 

LNj 

2 

B.C,D.E.F 

Run to 50% • 

TBD 

LN 2 

3,4,5 

C,D,E,F 

Run to 80, 90, and 100%* 

10 sec SS min 

r 

0 

to 

1 

B,C.D.E.F 

Run to 60%* 

TBD 

LO 2 

2^6 

C,D,E.F 

Run to 80, 85, 90, 96 and 100% 

TBD 

r 

0 

to 

7,8,9,10 

Optional 


•Percent of Ttirbopump Horsepower 





A Demonstrate Breakaway Torque 

B Verify Stability, Vibration, and General System Health 

C Verify Transient Response . ^ ^ i i 

D Verify Bearing Cooling, Seal Performance, Thermal Conduction, and Perform Thermal Cycle 

E Verify Pump Performance and Stability 

F Verify Turbine Performance 


Drioe Fluid 
GH2 
GH2 
GHj 

GG 

GG 

GG 

GG 
* GG 
GG 


RaoMVu 
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SECTION IV 

INTEGRATED ANALYSIS PLAN 


A key to the preliminary and detail design of the Advanced Launch System (ALS) oxidizer 
turbopump is the analytical work done during the design. This section outlines the analyses that 
will contribute to the design of the ALS oxidizer turbopump. 


This integrated analysis plan covers the analytic resources to be used for design and design 
environment definition, requirements allocation, data evaluation, performance prediction, 
margin assessment, and compatibility assessment. The development process is iterative, 
resulting in multiple analyses by the same functional element as the product matures and is 
refined. The following elements are involved in designing a low cost, highly reliable oxidizer 

turbopump: 


• System Design 

• Pump Hydrodynamics 

• Turbine Aerodynamics 

• Turbine Airfoil Durability 

• Structural Dyriamics 

• Rotor Dynamics 

• Bearings 

• Interpropeilant Seal 

• Heat Transfer 

• Materials 

• Structural Integrity 

• Reliability/Maintainability/Safety 

• Cost Model 

• Process Selection 

• Weights 


Analyses for the oxidizer turbopump range from simple hand calculations suppor^ng 
mechanical design to sophisticated computerized models simulating the 
models of primary importance in the analysis effort are the Power Balance Model 
for steady-state requirement definition design trades and performance assessment, and the 
Digital Transient Model (DTM), used for establishing compatibility with other engine 
components. Output from these models provide the framework within which the detailed design 
and evaluation analyses are conducted. 


Detail design and evaluation activity is supported by a variety of computer codes relating 
directly to the analysis item. These codes are validated through correlation with previous rocket 
system or gas turbine engine design and test data. The following sections provide a summary of 
the detailed analysis techniques, their input requirements, verification basis, output and 
products, and output empirical verification criteria. 


A. SYSTEM DESIGN 

Table IV-1 shows the system analyses to be used during the oxidizer turbopump system 
design. The analysis codes, based on various Space Transportation Engine models, will be ^ 
define the system design environment, identify design requirements and margins, predict 
performance, and evaluate data. 
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B. PUMP HYDRODYNAMIC ANALYSES 

Table IV-2 identifies the analyses to be done on components to define and evaluate pump 
hydrodynamics. 

Meanline calculations will be made for each subcomponent of the pump (inlet/discharge 
ducts, vanes, inducers, impellers), employing numerous empirical models and correlations to 
establish loss coefficients, fluid deviation angles, hydrodynamic loading limits, and basic sizing 
criteria. 

Quasi 3-D Euler streamline analyses will be used for internal flow analysis of impellers and 
stationary vane cascades with solutions of radial equilibrium, continuity, intrablade, and energy 
equations to provide internal velocity-pressure distributions. Empirical correlations will be used 
to account for the influence of losses, fluid deviations, etc. 

Two dimensional (2-D) Potential Flow Analyses will provide detailed evaluation of suction- 
pressure surface velocity distributions within blade and vane cascades. Boundary layer 
subroutines will account for viscous effects and predict flow separations. 


A turbopump flow model will be constructed for the overall turbopump system, using 
subcomponent performance models, empirical seal leakage correlations, impeller disk fric- 
tion/pumping analysis, and fluid property routines. The model provides overall pump perfor- 
mance map predictions and evaluation of turbopump axial thrust loads. 

C. TURBINE AERODYNAMICS 

The turbine design will have a mean diameter wheel speed that is compatible with allowable 
disk and airfoil root attachment stress criteria. The chosen wheel speed also provides a high 
design point wheel-to-gas velocity ratio, ensuring that efficiency will not fall off significantly at 
maximum power level (MPL) operation. The design point velocity ratios are conservative so the 
design aerodynamic risk is minimal. Table IV-3 outlines the turbine design analyses. 

The size of the turbine annulus is defined by the last-stage blade root centrifugal stress 
limit for the chosen blade material, which is a function of annulus area X rpm . This annulus size 
is also selected to yield a favorable exit Mach number and low exit swirl. All these studies will be 
done by evaluating the turbine at the mean line velocity diagram aerodynamics. 

Once basic parameters of annulus size, rpm, and wheel speed are determined, a detail study 
of the work splits between the stages, along with the stage reaction levels, will be performed to 
optimize the performance against known aerodynamic airfoil design risk parameters. Newly 
equal work splits will be used, which is the natural high performance conclusion for turbines that 
have moderate overall pressure ratios. The choice of reaction level (ratio of static pressure drop 
across the blade to the pressure drop across the stage) will be the next study concluded. 
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Table rV-2. Pump Hydrodynamics (Continued) 
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Table IV-3. Turbine Design 
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Table IV-3. Turbine Design (Continued) 
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Low reaction levels yield low blade tip leakage losses but can also lead airfoil 
aerodynamic flow separation because of the high degree of blade gas angle tinning with l^tle 
pressL drop across the airfoil. Airfoil convergence, the flow area entering the blade Jy 

the flow area leaving, is an important parameter for evaluating airfoil separation before the 
airfoil progresses to final design. Airfoil convergence will be an output of 

progra^ Zng with the predicted performance and exit conditions. Historically turbines that 
have less than 25 percent mean reaction level or have blade convergence ratios of less than 1.20 
tend to separate and perform poorly at off-design velocity ratios. Because this ^ 

operate at off-design velocity ratios, considerable convergent ra io margin wdl^ provided 
Detail airfoil design, based on a three-dimensional flow analysis, will be performed to 
substantiate these conservative choices. 

Airfoil chord selection will be a trade-off between the allowable airfoil bending stress vereus 
the efficiency losses incurred from secondary flow losses in low blade height, ® ^ 

spaced airfoils. Airfoil bending stress is inversely proportional to both the number of airfoils 
accepting the total turning load and also to their axial chord length squared. 

Studies to optimize the number of blades and vanes will be finalized in the design pr^ess. 
The same number of blades will be used in each stage to allow the use of common broach slots fw 
bladed disk configurations. If integrally bladed rotors (IBRs) are used this requirement will 

dropped. 

To ensure that the preliminary sizing studies are correct. P&W will progress beyond the 
2-D meanline design into the 3-D flowpath design in which 11 separate streamline veloci y 
diagrams are modeled across the entire annular flowpath. This ^11 fiilly ^fine “^fod ml 
and exit angles and flow conditions across the entire blade height. Individu^ 
will be designed at the critical root and tip sections to match the meanline sections. The channe 
flow between airfoils will also be evaluated. 

The airfoil surface contours will be modified until smooth suction surface pressure 

distributions are obtained The blade airfoil sections .^11 then ^ ^ ^tH w^s 

tapered wall from root to tip to distribute the centrifugal stresses and to maintain the thin w^ls 
necessary for low thermal strains. The airfoil pull forces will then be calculated ^d the mrfoil 
root attachment and disk configurations formed to meet life requirements. Similar design 
analysis is used to configure the vane airfoils. 

The selected turbine efficiency goal is consistent with rocket turbines previously developed. 
Pratt & Whitney historically has shown good agreement between turbine efficiency predictions 

and test data. 

D. TURBINE AIRFOIL DURABILITY 

Table IV-3 shows the analyses to be done to evaluate turbine airfoU durability. 

During the basic effort, limits on turbine blade pull stress will be generated based on the 
creep life requirements, predicted metal temperatures, and materials capabilities in the 
apprepriate h^ gas environment. Since blade pull stress is a function of ^“*7 3 

times rotor speed squared, setting limits on pull stress wUl help define an 

turbine annulus size. Also, limits on vane gas bending stresses are generated based on stress 
rupture requirements. 
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A one-dimensional, thermal shock analysis will be performed on the turbine hot flowpa h 
hardware to identify maximum wall thickness limits for the turbine blades, vanes, endwalls. 
This analysis will require that the start and shutdown transient turbine pwameters te defined. 
The results of this analysis, which sets maximum airfoil wall thicknesses when coup ^ with ^e 
turbine aerodynamic requirements for airfoil outside contour requirements, will identify whethw 
the airfoil will be a hollow or a thin and solid design. This preliminary ^sign will then be 
screened for vibrational characteristics to ensure high cycle fatigue (HCF) acceptability. 

Selection of the turbine hot flowpath/airfoil materials will be governed by cost ^d 
manufacturing techniques, as well as its compatibility with the hot gas f 

turbine exposed to hydrogen, alloys previously characterized in high-pressure hydrogen will be 
considered Use of equiaxed alloys will be preferred because of lower cost, and single-crystad 
alloys will only be considered if required for durability. In a methane envu^nmen , carbon wil^e 
indeed in such design considerations as foreign object damage and added pull due to carbon 

buildup on th6 blades. 

During the priced option, the blade and vane geometry will be 
internally if a core is used. Detailed heat transfer and structural analysis using the MARC 
computer code will be done on all the blades. This analysis will define the " tht 

capability of the blades. This analytical tool has been empirically correlat^ ^ 

Mm-shall Space Flight Center (MSFC) and P&W thermal shock testing descnted ^ationa 

Aeronautics and Space Administration (NASA) TM-86528 and ^AA-86-U43. 
also be analyzed using a probabilistic life model developed jointly between P&W and NASA s Jet 
Pr^pH Laboratory (JPL). The model accounts for statistical variations in materials 
properties, airfoil geometry, engine parameters, and transient variations. 

E. STRUCTURAL DYNAMICS 

Table IV-4 outlines the structural dynamics analyses. 

Pratt & Whitney’s design system for the ALS oxidizer turbopump will use extensive finite 
element analysis to tune fundamental vibratory modes away from primary excitations 
components will be manufactured from alloys exhibiting high strength 

capability. Friction dampers will be used to lower the vibratory response of the turbine blades to 
increase HCF durability. 

The P&W design criteria requires a minimum of 10 percent margin between the natural 
frequencies of all rotating and stationary hardware and the primary excitation frequences in the 
turbopumps. Primary excitations include one, two. three and four times the rotor spe^ (lE 
3E and 4E) plus additional excitations caused by the pressure pulses produced as the rotating 
components pass a stationary vane, strut, or other flow disruption. 
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Blade platform-to-platform friction dampers are used to damp all blade excitations, and 
have proved to be effective at all power levels. These dampers control buffet and resonant 
vibratory stresses. Pratt & Whitney has developed an analysis code to size the damper and to 
predict the stress reduction. The program uses an energy method to 

for a range of loading forces. Frictional dampers will be used for both bladed disk and IBR 
configurations. 

With IBR’s, a method to damp blade resonances in the operation range must be provided. 
For dampers to be effective, relative motion between adjoining parts is retired. One 
scheme eliminates the resonance energy through frictional heat with finger dampers The 
dampers are placed between each airfoil in milled or cast channels. Another scheme a tuned 
ring that eliminates the energy from the airfoils by being tuned to resonant 
from those in the airfoil. Because of the extensive damper experience base available, the base 
configurations will be a stiff conventional damper to bridge the platform gap between b|ades 
frictionally dissipate the vibrational energy through the relative motion of the adjacent platform. 

Design criteria developed from operational hardware, in conjunction with proven analytical 
techniques, will help ensure the turbopumps exhibit dynamic structur^ integrity. Avoidance of 
resonance at all power levels will minimize vibratory excitation. Analytical predictions will 
verified by a full laboratory and rig substantiation testing program as described in Section 111. 

F. ROTOR DYNAMICS 

Table lV-5 outlines the rotor dynamics analyses. 

The ALS turbopump design uses proven criteria and analytical methods to provide 
acceptable rotor dynamics. The high-pressure turbopump design provides stiff rotors, be^ny, 
and rotor support structures with roughened stator damper seals. Each rotor is supported by 
strategically located, stiff, durable, bearings for optimum rotor dynamics. These features result in 
fundaLntal rotor bending modes, located a minimum of 20 percent above the maximum design 
operating speed. This, combined with an effective rotor balance procedure results in low 

synchronous response. 

The ALS oxidizer turbopump design will be analyzed to ensure (1) operation below rotor 
bending modes, (2) sufficient stability margin, and (3) a high integrity rotor balance. Meeting 
these provisions will require optimization of the mechanical design of the rotor, parings, rotor 
supports, damper seals, and housings for acceptable rotor dynamic characteristics. 
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In high-pressure rocket turbopump designs, P&W provides combined rotor support system 
stiffness (bearing, carrier, and backup structure) that equals or exceeds the relative stiffness of 
the rotor structure to minimize rotor strain energy. Simplex bearing configurations are favored 
because of the stiffness uncertainties associated with duplex ball bearings. 

Rotor dynamics synchronous response, seal characterization, and stability analysis codes 
will be used as needed to determine the damper seal configuration requirements for optimized 
system dynamics. Each of the seals is designed for high damping, moderate stiffness, and 
minimal leakage. The incorporation of damper seals in the pumps provides a reduction of 
synchronous response throughout the operating speed range, resulting in low dynamic bearing 
loads and rotor deflection, sufficient margin on the threshold speed of instability, and additional 

rotor load support. 


G. BEARINGS 

Table IV-6 gives the analyses to be done for the bearings. 

Analytical work for the bearings will accomplish the following; 

• Establish cooling requirements using Shaberth computer program for fric 
tional heat generation and empirical equations for windage. 


. Identify axial preload for ball bearings using Jones computer program. 
Optimize preload to minimize ball spin-to-roll ratio, minimize ball excursion, 
maximize stiffness, prevent ball skidding, provide acceptable contact stresses, 
and calculate rolling contact fatigue life. 

• Using P&W fit check codes, establish inner and outer ring fits to prevent ring 
spinning, minimize inner ring hoop stresses, and provide adequate outer race 
deadband clearance for ball bearing preload and roller bearing outer race 
flexibility. 

. Select roller bearing negative inner race clearance (IRC) for proper roller 
guidance. 

• Review cage clearances to determine if they are adequate for ALS operating 
conditions. 


IV-16 


R20Uft/ll 


Table IV-6. Bearing Design 


Pratt & Whitney 

FR-20865 


•2 
Q 
• 2 



IV-17 


Pratt & Whitney 

FR-20865 



IV-18 


Pratt & Whitney 

FR-20865 


1. AII-Ball'Bearing Configuration 


During the design of the ALS oxidizer turbopump, P&W will conduct analyses aimed at 
developing all-ball-bearing configurations, with the goal of designing 

roller bearings. All-ball-bearing configurations allow for increased tearing quantities, provide the 
capability to handle startup and shutdown axial loads in either chrection, and ^low for looser 
assembly tolerances. Additional analyses to be done to meet this objective include the following. 


. A mechanical design study to ensure that the ball tearing will fit in roller 
compartment 


. A rotor dynamics trade study to determine if ball bearing support provides 
adequate rotor dynamics. 


During the priced option, P&W will conduct additional analyses during the final design to 
accomplish the following: 

. Finalize fits and clearances taking into account shaft thrust loads and race 
clamping loads. 

. Using Jones program, perform trade studies to determine effects of misali^- 
ments, ranges in preload, ranges in IRC from fit tolerances, and margin for 
increased sideloads. 


• Through rig margin and endurance testing, verify heat generation, monitor 
bearing wear, and study effects of coolant depletion, and axial and radial 

overloads. 


2. Alternate Cage Design 


As an option, Pratt & Whitney will consider an alternate one-piwe cage design for ball 
bearings under a technology development program. Analytical work would include the following. 


. A Jones analysis to determine equivalent rig operating condition to simulate 
ball-to-race contact stress, ball spin velocities, and ball rotational velocity 

. A literature search to identify candidate materials 

• A rig test program and coverage to evaluate materials. 


3. Hydrostatic Bearings 

Pratt & Whitney will consider analyses under a technology development program to 
determine feasibility of using hydrostatic bearings in the ALS oxidizer turbopump. 


H. INTERPROPELLANT SEAL 

A transient thermal analysis will be performed for static and rotating components to 
determine thermal and structural stresses and resulting seal clearances during transient 
operating conditions. These clearances will be analyzed together wth rotor deflections to avoi 
rwtential rubs. The final clearances will be used to determine seal performance, induing fl 
rotes and pressure profiles; the effects of the pressures on thrust balance and component loading; 
and the loss of cryogens overboard. 
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Test results obtained during testing of the various knife edge sealing sy^ms in the 
interprapellant seJ rij for the Sp.ce Shuttle Mein Engine Altemet. Turtopump Development 
(SSME ATD) Program will be used to calibrate analytical procedures for the design of labyrinth 
seals operating in cryogenic fluid environments. The same existing calibrated analytical tools will 

also be used for the ALS. 


I. HEAT TRANSFER 

A steady state thermal analysis will be performed to obtain steady state mating 
conditions for all turbopump components. The thermal output from these andyses will be used 
in all component stress and deflection analyses to ensure all design margins and requirements are 
met at steady state operation points. For critical parts which are identified as low eye e fatigue 
(LCF) or fracture critical, additional thermal analysis will be performed to hilly define the start- 
up and shut-down transient thermal response of the identified hardware. This additional analysis 
will include the effects of tolerances, performance degradation with time, abnormal operation of 
surrounding hardware such as gas generator hot streaks, and the effects associated with engine 

cycle balances. 


J. MATERIALS 

During the fabrication evaluation. P&W will use its experience in developing material 
alloys and unique manufacturing techniques to evaluate viable low cost concepts. This 
experience has been gained in P&W’s manufacturing facilities and by working with its large 

supplier base. 

One consideration to reduce pump cost is the use of less expensive materials having either 
lower raw material costs or reduced fabrication costs. Some of these materials have not 
undergone full material characterization at cryogenic temperatures or in the proper operating 
environments. Materials will be selected based on a P&W and vendor data base ^d by 
comparing the demonstrated performance of alloys with similar chemical compositions, behavior 
and thermal-mechanical processing influences. Early in the program, preliminary material 
characterization will be performed to confirm the material properties used in the early 
configuration analyses. 

K. STRUCTURAL INTEGRITY 

The analyses required to ensure structural integrity are shown in Table IV-7. 

Technical support of the ALS turbopump designs wiU be based on the experience P&W 
gained from designing a high-pressure hydrogen turbopump ^d a J'"” 

turbopump for the SSME. Since the ALS turbopumps are similar to the ® 

turbopumps in design configuration, the extensive design experience gamed with the SSM 
alternate turbopumps can be applied to the ALS program. By appljong t*\^xpenence design 
iterations can be eliminated, known problems avoided, and a reliable and durable turbopump 

system can be produced. 
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Based on its SSME ATD experience, P&W will specify up front the flowi^th 
geometries, and materials that do not need additional ch^^rization and that axe ^own to te 
Lessary to achieve structural life and durability. Pratt & Whitney wll also use the SSME ATD 
eroeri^e to eliminate detail finite element computer analyses by using design curves and 
actions based upon known structural behavior and to pr^fine f 

orocedures for those critical areas that require detail structural verification. Pratt & Whitney 
will specify only those structural tests that have teen proven to Prov.de 
Ilthough P&W will minimize the ALS structural analysis ^y using SSME ATD 

eiperie^e, the methods and procedures will be constructed to maintain the structural margins 

passed down from the SSME ATD Program. 


1. Static Strength 

The following analyses will be conducted to evaluate the static strength of the turbopump 
design. 


All structural loads and environments will be identified or derived as required. 

Static stress will be evaluated based upon methods of finite element ^^^is 
(NASTRAN, MARC, ANSYS), industry codes (ASME), or standardized 

handbook procedures. 


The burst speed of all rotating disks will be predicted based upon the average 
tangential stress in the rotor and a material use factor. Materid use factors 
will be based upon spin tests of similar components. Containment 
energy/capability will be predicted. The permanent growth of rotors as a 
result of overspeed will be predicted. 


• The burst pressure for all housings subjected to mternal pressure will be 
predicted. 


2. Life 

The following analyses will be conducted to predict the durability of the oxidizer 
turbopump. 

. LCF life will be predicted for all components that experience has shown to be 
critical. Finite element methods (2-D NASTRAN or similar), m conjunctmn 
with stress concentration factors derived from boundary integral methods 
(PESTIE) or standard tables (Peterson), will be used. A con^rvative 
approach will be followed to maintain a minimum life of 4.0 times the design 
life requirement. 


HCF life will be predicted for all components subjected to high vibratory 
stress. A conservative approach will be maintained by designing for a ^«t*ve 
Goodman diagram margin based upon an infinite life endurance strength and 
calculated steady state stress. Airfoils and blades will be design^ for a steady 
stress based upon a target allowable vibratory stress of 30.0 ksi peak-peak. 
Appropriate stress concentrations will be considered. Goodman diagrams wil 
be drawn with margins indicated. 


. Fracture control will be maintained by establishing allowable design stress 
levels for components designated as fracture critical. The determination of 
allowable design stress levels will be based upon previous similar designs 
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(SSME ATD). No formal Fracture Control Plan or detailed fracture analysis 
will be provided. 

• Components operating in an environment where a potentid for creep exists 
will be designed with allowable stress levels that will maintain a minimum life 
of 4.0 times the design life requirements. 


3. Geometrical Specifications 

Geometries relating to critical structural requirements will be identified ^d specified 
These will include, but be not limited to, fillet radii, pilots and fits, minimum thickness, and 

airfoil tilts. 

L. RELIABIUTY, MAINTAINABILITY, AND SAFETY 

1. Failure Modes and Effects Analysis/Critical Items List (FMEA/CIL) 

The FMEA/CIL is initiated by the reliability engineer during the layout review phaw. The 
FMEA provides a total assessment of the system to quantify the effects of a ai ure on 
system operation. Using the FMEA in conjunction with the layout reviews, th® Teliabi^ity 
engineer ensures the design incorporates features to eliminate or reduce the probability of a 
catastrophic system malfunction by incorporating redundancy, increased safety margins, or 
eliminating parts through alternate design concepts. 

The FMEA/CIL will integrate the turbopump failures to system level effects. It will 
establish the criticality of the failures and provide the emphasis to 
critical failure modes. The FMEA/CIL will require a comprehensive analysis of the 
components to assess all potential failures to establish a high-to-low probability list, ’w*^“=h w 
allow Design or Quality to prioritize their respective efforts for redesign or process control. 

The failure modes addressed by the FMEA are derived from several methods. The 
preliminary FMEA is derived using historical fmlure mode date 
Components. As the design progresses, the FMEA is to leflect the '^“ty 

improvements built into the system. These modes are estabhshed thro^h disrassions with the 
designers, engineering concerns expressed during design reviews, and 

reliability engineer. Further updates to the FMEA are made throughout the design and 
development cycles as the design reaches the production configuration. 

2. Probabilistic Life Analyses 

Probabilistic life analyses allows an understanding of the effects of vars^g parameter 
values on a design’s life characteristics and operational capability to optimize dwi^ 
verification testing, to quantify the effects of design and mateml variations, and ^ detemine 
the safety margins for each component. The turbopump require^nts will cause concerns of 
failure from low cycle fatigue, stress rupture, creep, and corrosion. These “J 

through probabilistic design, an analytical process that allows selective statistical design and 
redesign of parts to eliminate or control those failure causes. 

The Probabilistic Analysis is integrated with the reliability predictions trough the desi^ 
capability of the engine. The analysis will help quantify 
system requirements. Depending on the outcome of the analysis, the 

be changed to reflect the increase, decrease, or design change recommended by the ana ys . 
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3. Reliability, Maintainability, and Safety (RMS) Design Evaluation and Reviews 

The P&W reliability engineer is an integral part of the design process team. As a s 

concept is established. Reliability Engineering initiates layout reviews to ensure that re labi ity 
features are properly incorporated in the design. These layout reviews further instill reliability 
concepts within the design by allowing the reliability engineer to assess the overal design 
including critical dimensions and processes, and to evaluate how well the design will fit in with 
the component and engine systems. 

The layout reviews also provide an opportunity to assess initial reliability allocations. 
These allocations are established by analytically quantifying a baseline system to the expected 
enhanced design. During the layout reviews, the allocations can be assessed with the conceptua 
design for better definition of the part count, material, etc. This permits the reliability engineer 
to increase the accuracy of the allocations and overall system reliability. 


4. Support Cost Model Input 

Reliability/Maintainability input to the support cost model includes failure rate predic- 
tions, mission schedules, maintenance plans, material and labor costs ^r maintenance event, 
turnaround requirements and specification, man-hour estimates per failure mode, and scaling 
requirements. 


5. Reliability Predictions 

The preliminary analyses to quantify and qualify the turbopump reliability will continue 
throughout the design effort. These reliability tools will be used to increare the effectiveness of 
the design verification process and to ascertain that the component reliability is not degraded 
when transitioned to production. 


The methodology used to predict the reliability of the P&W ALS baseline engine will a 
bottoms-up approach. The rocket and jet engine data bases will be queried to derive base irre 
component reliabiUty. All pertinent component designs relating to smilar ALS hardware willt» 
studied and weighting factors established by the reliability engineer, in conjunrtion with the ALb 
design team, to account for various degrees of complexity, usage, and technology risks. 


Each rocket engine (F-1, J-2, SSME, RLIO, etc.) application in the databaw has its own set 
of internal conditions, such as temperatures and pressures. Correlations will be estoblished 
between these conditions and reliabiUty to relate the ALS design and its usa^ to these 
correlations. Allowance will be made for different materials and design approaches in selecting 
the reliability estimate for each component. 


As changes to the design are made through the design and development phasM, the 
reUabiUty engineer wiU work with Design using this same methodology to evaluate the reliability 
impact of each change. Extensive model runs to investigate material characteristics, design stress 
limits, flow characteristics, and other design parameters will be reviewed by the reliabUity 
engineer to evaluate any reUability impacts. 


6. Maintainability Analysis and Demonstration 

Pratt & Whitney will establish maintainability goals that minimize maintenarice r^uire- 
ments and task times and eliminate labor-intensive preventive maintenance by maiimzing toe 
use of onboard system/component health monitoring devices. Initial actions will be ^to^ 
development of qualitative and quantitative design criteria that will be distributed to the ALS 
design team. The maintainabUity engineer’s participation wiU begin at program start and 
continue throughout the program. 
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7. System Safety Program Plar» 

Pratt & Whitney will conduct the analyses required by the System Safrty Program Plan, 
including the Preliminary Hazard Analysis, Operational Hazard Analysis, and Fault Tree Hazar 
Analysis. These are described in detail in the System Safety Plan. 

M. COST MODEL 

Detailed cost model planning and formulating will begin during the basic effort with the 
model structure being defined in detail along with all assumptions and the sources a^ J 

that will be used for obtaining input data. The analytical formulation of the cost model will be 
completed and programming begun during the latter stages of the basic effort. 

The first three months of the option phase will be dedicated to completing the propamming 
of the cost model. During this period, a manufacturing pl«m will be gen^ted for 
of the turbopump and empirical input data for the model gathered. Production cost and cost- 
related empWcal input data will be obtained for purchased parts from suppliers. T^ 
mLJSactur^ng cost and cost-related empirical input data for P&W-manufactured parts will be 
generated by P&W manufacturing engineers. 

Input data for the operation and support (O&S) cost portion of the model will be generated. 
Required failure mode Weibulls, and both scheduled and unscheduled maintenance event data, 
will be defined. Prelaunch and turnaround task requirements wiU be determined. 

One of the tasks in the cost model effort is to determine the cost impacts of Government 
specification requirements and to recommend changes for high cost specificabons that wUl rneet 
the intent of the specifications while reducing cost. The cost impacts of 

requirements wiU be quantified by assessing the impacts of ‘'"il thei 

design and fabrication processes and determining how cost is affected. P&W will ^rform t e 
anaSes for its manufactured parts, and the suppliers will support the analyses for the purchased 

parts. 

The model wiU be capable of predicting costs for engines with a thrust ran^ from 300 to 
800K pounds and chamber pressure levels between 1500 to 3200 psia. 

cost scaling parameters will be developed for these routines and incorporated in the model. 

A final step after completing fabrication of the fuU-scale turbopump wiU to u^te all 
appropriate cost model input data to reflect experience gam^ 
process. This data will involve manufacturing cost and cost-related data 
manufactured and purchased parts, Weibulls and mainten^ce event ^ta. Government 
specification impacts and an updated Contract End Item (CEI) Specification. 

N. PROCESS SELECTION 

Table IV -8 summarizes the analyses planned for process selection. 

During the basic effort, a variety of low cost design concepts and fabncafron processes will 
be evaluated against the current baseline turbopump to determine whether these new concepts 
wUl provide an^toiproved design. A number of parameters wiU be evriuat^ with cost being one 
of the primary criteria considered. Among the cost impacts evaluat^ ^11 he both low- and high- 
rate pr^uction costs, manufacturing investment costs, O&S. and design, development, test and 
evaluation (DDT&E) costs. The production cost assessments will be based on empirical analy ws 
using data from existing P&W manufacturing data bases, adjmted where necessary for 
component and fabrication differences. Supplier experience for similar parts and processes will 
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be used to assess costs for supplier parts. For new manufacturing processes where data does not 
exist, the production costs will be estimated from analytical assessments of the process steps 

involved. 
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After the initial evaluation of the new concepts has been completed, those showing the most 
promise will be further evaluated in a fabrication demonstration program. Data from this activity 
will provide additional information which will permit a more definitive estimate of the 
production cost differences considering both high and low production volume rates. The 
availability of production facilities and equipment will be judged and a rough order of magnitude 
estimate made for manufacturing investment cost. The impact on DDT&E cost will be evaluated 
based on historical program data and this information considered in the selection process. 


The final major cost category that will be evaluated is O&S cost. Rehabihty estimates wil 
be used to define unscheduled maintenance requirements. Scheduled refurbishment, prelaunch 
and turnaround tasks will be defined to estimate scheduled maintenance requirements and costa. 


O. WEIGHT 


Table IV-9 summarizes the weight analyses. 


During the basic effort, weights will be estimated for the baseline turbopump concept. The 
weights will be determined from preliminary drawings using calculations of part volumes and 
applying the appropriate density values. Alternative concepts and matenal changes will be 
evaluated by comparing the alternate designs to the baseline turbopump components and 
calculating volume and density differences. 


In the priced option, weights of the selected turbopump design wUl be calculated from 
detailed prints. 
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SECTION V 
OTHER EFFORTS 


During the Advanced Launch System (ALS) Advanced Technology Oxidizer Turbopump 
Program, Pratt & Whitney will apply knowledge gained from other efforts to the <>^er 
turbopump design. Other efforts likely to impact the turbopump design include the Space Shuttle 
Main Engine (SSME) Alternate Turbopump Development (ATD) Program and parallel 

technology programs. 


Pratt & Whitney is developing an alternate turbopump for the SSME under Nationd 
Aeronautics and Space Administration Contract NAS8-36801 and will apply the lessons learned 
from the ATD Program to the ALS oxidizer turbopump program. Details on the applicability of 
the SSME ATD program to the ALS turbopump design are discussed in Section II. 


Since the ALS program follows the ATD program, the ALS program will be able to take full 
advantage of ATD successes. In addition, the capabilities of the fully matured ATD rigs wi e 
used to verify the ALS bearing designs. This one-two approach to design and test verification will 

be used for the ALS program. 


Pratt & Whitney may also conduct parallel programs to develop technology not yet mature 
enough to be incorporated into the ALS oxidizer turbopump design. Examples of such technology 
includes an alternate one-piece cage design for ball bearings and the development of hydrostatic 
bearings. Alternate materials may also be developed under related technology programs. 
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SECTION VI 

HARDWARE NECESSARY TO ACCOMPUSH THE PROGRAM 


One complete set of Advanced Launch System (ALS) oxidizer turbopump hardware and 
one set of critical item spares (impellers, housings, parings etc.) will be avadable to support 
turbopump testing at the National Aeronautics and Space Admiriistratioy (NASA 9 ) Stennis 
Space Center (SSC). Assembly of the turbopump will be conducted at Pratt & Whitney 
requiring assembly tooling. Ground support equipment and special test equipment required to 
support testing at SSC will be provided by P&W. 

Additional turbopump hardware (rotating components, housings and bearings) will ^ 
required for verifying the design. Testing of this hardware will include materials property 
evduation. weld specimen evaluation, rotating hardware evaluation using spin tests, proof 
pressure test of housings, vibration evaluation of individual components and rotor assemblies, 
and bearing evaluation by rig testing. 

A more complete description of the facilities required for the ALS oxidizer turbopump 
program is contained in the Facilities Plan. 


A. SPECIAL TEST EQUIPMENT (HARDWARE) 


Special test equipment is required to test the turbopump at the SSC. Figure VM shows the 
special test equipment. The following describes the special test equipment required for the 

oxidizer turbopump: 


• Turbine Inlet Adapter — A pressure drop device at the gas generator to create 
the proper operating pressure (supplied by the gas generator contractor). A 
spoolpiece adapter to be provided with the turbopump. 

. Turbine Discharge Adapter — A spoolpiece adapter and pressure drop device 
to be provided with the turbopump. 

. Pump Inlet Adapter — A spoolpiece to be provided with the turbopump to 
adapt the inlet bolt circle to the test stand plumbing. 

• Pump Discharge Adapter — A spoolpiece adapter to be provided with the 
turbopump. 

. Mount Skid — A skid to be assembled that will serve as a transportation 
stand and as an SSC test facility mount. 


During the turbopump design. P&W will design any special toolmg requir^ for the 
turbopump program that will be common to the development and delivery program. The degree 
of sophistication applied to these tools wiU be governed by labor versus toolmg cmt trade stuches 
Some detaU part and components will require refined hard tooling, such as foraing dies and 
impeller dies during initial manufacturing or assembly. This will be determm^ by direct 
efffert the parts or assemblies have on the overall quality and performance of the turtepumps. 
For these requirements, the special tools will be designed and built to guwan^ 
dimensional control required on a repetitive basis. TooUng schedules wU not impact the 
turbopump program and will be integrated into the manufacturing schedules. 
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Figure VI-1 Oxidizer Turbopump Shown With Special Test Equipment, Including 
Mounting Skid 


B. SUPPORT EQUIPMENT 

Support equipment required for ambient materials evaluation, cryogenic materials evdu^ 
ation (tensile, low cycle fatigue, creep, etc.), and cryogenic bearing tests include existing P&W 
test stand and laboratory facilities. 
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SECTION VII 

BASELINE LOGIC NETWORK 


A. LOGIC NETWORK 

The baseline logic network for the Advanced Launch System (ALS) oxidizer ^rbopump 
program is presented in Figure VIM. This logic network represents the interrelationships among 
the program tasks and shows how information and data from each ^k will 1^ used to 
accomplish the overall program goals. This initial submission is being made in accord^ce with 
the contract Data Requirement (DR- 16) and will be updated as part of the monthly status report 

(DR-03). 


B. PROGRAM MILESTONE SCHEDULE 

Figures VII-2 and VII-3 present the major activities in the basic and option parts of the 
program respectively. These figures identify the tasks that were developed to achieve program 
objectives and against which progress can be measured. 


C. SCHEDULE FLEXIBILITY 

The program schedule has been established to be flexible to incorporate emerging 
technologies. The milestones for fabrication of low cost components will be closely monitored 
throughout the program. Alternatives will be incorporated into the schedule as required New 
technologies can be added as well. During this program, P&W will identify technologies that may 
not be available for incorporation into the prototype turbopump. If some of these technologies 
are pursued in parallel to the primary component fabrication path, they could be incorporate 

into the prototype. 

D. SCHEDULE REALISM 

The schedule established for this program has been assessed for realism in accomplishing 
the program goals. The major lead times are those associated with the development of new 
technologies that will be incorporated into the turbopump. Through ongoing contacts and 
coordination with the suppliers of major hardware, the schedule has allowed for the lead tim^ 
such as large castings. Due to these long lead times, procurement of the raw material must ^ 
started at the beginning of the option phase. For the large precision castings, coorination with 
the suppliers to define the final configuration will be started immediately upon selection of the 
turbopump configuration. Definition of tooling requirements will be bwed on information 
available from the layouts. During the detail design effort, drawings needed for final definition of 
tooling will be given priority to allow for early release. 
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Figure VII-2. ALS Oxidizer Turbopump Basic Effort Schedule (Page 1 of 5) 
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Figure VIl-2, ALS Oxidizer Turbopump Basic Effort Schedule (Page 4 of 5) 
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Figure VII-3. ALS Oxidizer Turbopump Option Program Schedule (Page 1 of 8J 








-9 


Figure VII-3. ALS Oxidizer Turbopump Option Program Schedule (Page 2 of 8) 
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Figure VII-3. ALS Oxidizer Turbopump Option Program Schedule (Page 3 of 8) 
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Figure VII-3. ALS Oxidizer Turbopump Option Program Schedule (Page 6 of 8) 





VIM4 


Figure VII-3. ALS Oxidizer Turbopump Option Program Schedule (Page 7 of 8) 
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Figure VII-3. ALS Oxidizer Turbopump Option Program Schedule (Page 8 of 8) 
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SECTION VIII 
MAN-LOADING 


Tables VIII-1 and VIII-2 show the man-loading for the basic and option programs. 


Table VIIJ-1. Liquid Oxygen Turbopump Program 
Time Phased Manhours 
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Table VIII-2. Liquid Oxygen Turbopump Program 
Time Phased Manhours 
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Table VIII-2. Liquid Oxygen Turbopump Program 
Time Phased Manhours (Continued) 
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Tabie VIII-2. Liquid Oxygen Turbopump Program 
Time Phased Manhours (Continued) 
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Table VIII-2. Liquid Oxygen Turbopump Program 
Time Phased Manhours (Continued) 
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SECTION IX 

MAJOR SUBCONTRACTORS 


While Pratt & Whitney does not expect to have any major subcontractors for this program, 
there will be several suppliers that are expected to provide materials or services exceeding 
$100,000. Table IX- 1 identifies potential suppliers. Others will be added as necessary. 

Table IX-1. Potenticd Suppliers 



Location 

Materials /Services 

Ace Indtistries Textron 

Santa Fe Springs, CA 

Machining 

Cameron Forge 

Houston, TX 

Forgings 

Caval Tool 

Newington, CT 

Machining 

Howmet Corporation 

LaPorte, IN 

Castings 

Howmet Corporation 

Hampton, VA 

Castings 

Ladish 

Cudahy, W1 

Forgings 

Lehr Precision, Inc. 

Cincinnati, OH 

Machining 

Precision Caatparts, Inc. 

Portland, OR 

Castings 

Precision Castparta. Inc. 

Cleveland, OH 

Castings 

Schlosser Forge 

Los Angeles, CA 

Forgings 

Shultz Steel 

South Gate, CA 

Forgings 

R2DM6^1 
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